Introduction and the phenotype of per mutants, portray the central role of the per gene in the circadian machinery of insects In response to daily environmental cues, the physiology (Konopka and Benzer, 1971; Citri et al., 1987 ; Hardin et and behavior of all living organisms from bacteria to al., 1990; Hall, 1996) . Immunohistochemical analysis of humans are controlled by circadian rhythms driven by rat brain using a Drosophila Per antibody revealed stainendogenous oscillators (Dunlap, 1993; Takahashi, 1995) .
ing in the SCN, suggesting the possibility of a conserved Alteration of the circadian rhythm in humans can lead mammalian Per protein (Siwicki et al., 1992) . However, to behavioral changes as typified by jet lag and sleep in more than a decade since per was first isolated from disorders including those associated with shift work Drosophila melanogaster (Bargiello et al., 1984; Citri et (Arendt and Broadway, 1987; Vignau et al., 1993; Wehr, al., 1987) , no mammalian per homolog has yet been 1996). In addition, circadian rhythms have been linked reported. to pathological effects such as an increased frequency This study describes the identification of a putative of heart attacks during the morning period, and winter mammalian per ortholog designated as RIGUI (named seasonal affective disorder (Kraft and Martin, 1995;  after an ancient Chinese sundial). In the mouse this gene Swaab et al., 1996; Teicher et al., 1997) . Extensive physiexhibits striking circadian changes of expression in the ological and behavioral studies have determined that retina, the SCN, the hypophyseal pars tuberalis, and in the endogenous clock is characterized by a cycle apthe Purkinje cells of the cerebellum. As expected for a proximately 24 hr in duration. When organisms are pacemaker gene, RIGUI oscillation is maintained under placed under invariant environmental conditions, this constant darkness. The cycle of oscillation can be enclock is self-sustaining, behaving as a pacemaker. The trained upon shifting the light/dark setting. Remarkably, endogenous clock is further distinguished by its ability RIGUI expression in the pars tuberalis, the retina, the Purkinje cells, and SCN is not in phase, indicating that expression in these tissues oscillates in an independent § To whom correspondence should be addressed.
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fashion.
Taken together, our experiments suggest that RIGUI is a mammalian ortholog of the Drosophila per gene, and that a key regulator of circadian rhythms is thus conserved during evolution.
Results

Isolation and Characterization of RIGUI Transcripts
A partial cDNA for human RIGUI was obtained in an effort to identify human chromosome 17 specific transcripts (Lee et al., 1995) . Out of 104 cDNAs identified this way, we selected five for further study. The deduced amino acid sequences of these five partial cDNAs indicated some degree of sequence homology to regulatory proteins (Sun et al., 1996) . The sequence of one of the five cDNAs later revealed the presence of a basic helixloop-helix (bHLH) motif and a Per-ARNT-Sim (PAS) domain (see below). This clone was referred to as RIGUI and maps to human chromosome 17p12 ( Figure 1A) . Using a 0.9 kb probe, derived from the initially isolated partial cDNA, 15 cDNA clones were isolated from a human heart muscle cDNA library. Ten clones ranged in length between 3 and 4.7 kb and, based on their DNA sequences, represent the RIGUI 4.7 transcript ( Figure  1B) . Northern blots display a band at 4.7 kb possibly representing the 4.7 kb cDNA ( Figure 1C ) although a prominent larger species is also observed (see below). Three of 15 clones had high sequence homology to the 3Ј region of RIGUI 4.7, but contained three segments inserted between the regions of homology (Figure 1B, RIGUI 6.6) . Combining these partial cDNAs with the RIGUI 4.7 sequence can account for the 6.6 kb band detected in the Northern blot ( Figure 1C ). The two remaining clones were 3.0 kb in length, and sequences from their 5Ј and 3Ј regions were identical to the corresponding 5Ј and 3Ј region of the RIGUI 4.7 transcript; however, the clones were shorter due to an alternate splicing event. Although several RIGUI transcripts were to those of RIGUI 4.7, but more C-terminal residues (C) Northern blot of human heart muscle RNA probed with the RIGUI diverged. The largest deduced reading frame of the cDNA. Note the transcripts at 4.7 and 6.6 kb, possibly representing RIGUI 3.0 was 798 amino acids long ( Figure 1B) . RIGUI proteins that differ in their C-terminal regions.
BLAST and FASTA searches against peptide sequences revealed significant protein sequence similarity (SIM1) protein was 0.52. The overall homology (identical amino acids, conservative and neutral substitutions) beof RIGUI 4.7 ORF to D. melanogaster Per protein ( Figure  2) . A BLAST search yielded the following probability tween RIGUI and Per of D. melanogaster is 44% and a slightly higher homology of 48% is found in the initial scores P(N) of homology: Per (various Drosophila species) between 5.1 ϫ 10 Ϫ26 to 5.2 ϫ 10 Ϫ20 , the next highest 500 amino acids that include the PAS domain. The PAS domain was initially observed in D. melanogaster Per, score was with the mammalian Aryl hydrocarbon receptor nuclear translocater (ARNT), which gave a P(N) of in human ARNT, and the Drosophila SIM protein. The PAS domain is approximately 260 amino acids in length 5.9 ϫ 10
Ϫ14
, and the P(N) with mouse Single minded As has been demonstrated for per and tim in Drosophila (Hardin et al., 1990; Sehgal et al., 1994) and the freImportantly, many of the amino acids conserved between D. melanogaster Per and RIGUI reside outside of quency gene in Neurospora (Dunlap, 1993) , circadian oscillator genes are expressed in a periodic manner the PAS domain, emphasizing the similarity between the two proteins ( Figure 2 ). In contrast, very little protein reflecting the 24 hr day/night cycle. To examine whether expression of RIGUI behaves in a similar way, we studied sequence identity was observed outside of the PAS domain of RIGUI or Per when compared to other PAS its expression in the mouse. A murine brain cDNA library was screened with the human RIGUI 4.7 cDNA as probe, domain proteins including ARNT, SIM, AHR, NPAS1, NPAS2, and CLOCK. and a mouse homolog termed m-rigui was identified, encoding a protein of 1291 amino acids that has 92% Using the PHDsec program (EMBL) for secondary structure analysis, the N-terminal region of RIGUI was amino acid identity with human RIGUI. The PAS and bHLH domains of the two proteins are 98% identical determined to contain a putative bHLH motif. Alignment of the bHLH region of RIGUI with that of other bHLH-PAS (GenBank accession number: AF022992). Northern analysis of several mouse tissues shows that m-rigui is exproteins revealed that several of the bHLH consensus amino acids are conserved ( Figure 3) . Analysis of the D.
pressed broadly ( Figure 1D ). We next measured the level of m-rigui mRNA by melanogaster Per protein with the same program did not reveal a bHLH motif. Taken together, RIGUI contains RNase protection assays using RNA from the retinae of six adult male mice sacrified every 4 hr during a 12 hr a bHLH-motif and a PAS domain thus emerging as a new member of a growing family of putative transcription light/12 hr dark cycle. The mammalian retina contains a circadian oscillator not dependent on that from the factors that includes the recently identified gene products of NPAS1, NPAS2 and CLOCK (King et al., 1997;  SCN (Tosini and Menaker, 1996) . The level of m-rigui mRNA increased during the light phase from ZT4 to Zhou et al., 1997) . From our sequence analysis we proposed that RIGUI is a human ortholog of Drosophila Per.
ZT12 (whereby zeitgeber time ZT0 is when lights were mined m-rigui mRNA levels in the retina over a period of 3 days using reverse transcriptase PCR giving rhythms pattern of m-rigui expression in the SCN. We also found similar to those shown in Figure 4 (data not shown).
such a temporal profile in the pars tuberalis, which surThese results indicate that the expression of the m-rigui rounds the hypophyseal stalk of the pituitary gland (Figtranscript is circadian in nature and that this gene may ures 5C and 5D). However, in this case expression was be part of a molecular clock.
highest at ZT24 ( Figure 5C ) and not detected at ZT12 ( Figure 5D ).
Oscillation of m-rigui Expression in the SCN,
Another site of periodic m-rigui expression were the the pars tuberalis, and the Purkinje Neurons Purkinje neurons of the cerebellum ( Figures 5E and 5F ). In order to determine whether m-rigui was expressed A high level of expression in Purkinje neurons is seen in specific regions of the brain, we performed expression at ZT12 ( Figure 5F ) and expression was minimal at ZT24 analysis by in situ hybridization. In situ hybridization was ( Figure 5E ). This expression profile is similar to that seen carried out using a 544 nt long riboprobe corresponding in the retina (Figure 4 ), but different from the situation to the coding region of m-rigui. Adult male 129/SvEvBrd in the SCN or the pars tuberalis. mice, kept in a 12 hr light/12 hr dark cycle, were sacriWhen we examined expression of m-rigui in C57BL/6 ficed at 6 hr time intervals, and their brains were rapidly male mice, the pattern of expression in the SCN was removed and fixed in ice-cold fixative. The four time identical to that seen in 129/SvEvBrd males (data not points chosen were ZT6, ZT12, ZT18, and ZT24. To avoid shown). Remarkably, there was no expression of m-rigui the induction of immediate-early genes by light that in the pars tuberalis at any time point examined. Figures could occur at ZT0 (Aronin et al., 1990; Kornhauser et 5G and 5H illustrate the absence of m-rigui transcripts al., 1992), we elected not to sacrifice animals at this at ZT24 and ZT12. This result suggests strain-specific time point but chose ZT24 instead.
differences in the regulation of m-rigui expression in this An analysis of m-rigui expression on coronal and sagtissue. ittal brain sections gave the following results ( Figure 5 ).
Other regions of the brain also expressed m-rigui, Expression in the SCN was high at ZT6 ( Figure 5A ), including the glomerular and mitral cell layers of the was much reduced at ZT12 (data not shown), was not olfactory bulb (data not shown), the internal granular detected at ZT18 ( Figure 5B) , and was very low at ZT24 layer of the cerebellum ( Figures 5E and 5F ), the cornu (data not shown). In D. melanogaster the per amplitute ammonis and dentate gyrus of the hippocampus (Figure of RNA rhythmicity is in the range of 8-to 10-fold (Hardin 5I), the cerebral and piriform ( Figure 5J ) cortices. . Although quantitation by in situ hybridizachanges in m-rigui expression could be detected in tion cannot be reliably carried out, it can be estimated these structures. that m-rigui exhibits a similar rhythmicity amplitude in A recently identified mouse gene clock was also examined for changes in expression in the SCN and in the SCN. Thus, as in the retina, there was a circadian Abbreviations: CA, cornu ammonis; DG, dendate gyrus, IGL, internal granular layer; LIR, lateral infundibular recess; ME, median eminence, P, Purkinje neurons; PFC, piriform cortex; PT, pars tuberalis; SCN, suprachiasmatic nucleus. Scale bars correspond to 500 m in all figures except (C), (D), (G), and (H), where the bars are equivalent to 300 m. other brain tissues. As previously reported (King et al., day times CT18 and CT24; Figures 6B and 6C) . At subjective CT6 ( Figure 6D ), however, expression was very high, 1997), this gene is broadly expressed in the brain including the SCN. Two different probes, one corresponding comparable to ZT6 in Figure 5A . Expression in the pars tuberalis peaked at CT24 (Figure 6G ), i.e., 6 hr ahead to the 5Ј coding region and the other corresponding to the 3Ј UTR, failed to detect a change in expression in of that in the SCN ( Figure 6D ). We conclude that the oscillation of m-rigui expression is maintained under the SCN (Figures 5K and 5L) .
Taken together, our data reveal striking diurnal changes free-running conditions. This indicates that this gene is regulated by light-independent, endogenous mechain m-rigui expression. Intriguingly the times of maximal expression are not the same in SCN, retina, Purkinje nisms, a feature characteristic for a circadian clock gene. neurons, and pars tuberalis. The asynchronous expression of m-rigui may thus reflect the fact that there are several independent circadian clocks in mammals.
Entrainment of m-rigui Expression by Light
Circadian pacemakers are eventually reset under the influence of a changing light source. To test whether Circadian Expression of m-rigui in the SCN Persists under Free-Running Conditions m-rigui expression responds to such a change, C57BL/6 mice were transferred to a 12 hr light/12 hr dark cycle To examine whether the absence of light affects m-rigui expression, we transferred 129/SvEvBrd males from a that had been advanced by 6 hr. Animals were analyzed at the day of transfer to the new cycle, and 3 and 8 days regular light/dark cycle to a dark/dark cycle. Then 72 hr later, animals were sacrificed every 6 hr and dissected thereafter. In each case animals were sacrificed at four 6 hr time intervals. Expression analysis was focused on under a 15 W safety red light lamp. m-rigui expression in the SCN and the pars tuberalis of these animals is the SCN (Figure 7) . A shift of maximal expression is clearly seen. At day 0, expression peaks at ZT6 (Figure depicted in Figure 6 . At 5 P.M., corresponding to the subjective day Circadian Time CT12, expression in the 7D). At day 3 expression is about equal at ZT6 and ZT12 ( Figures 7G and 7H) . By day 8, the entrainment is SCN was visible but low ( Figure 6A ). Thereafter, transcript levels decreased to background levels (subjective complete and only ZT6 shows high m-rigui expression ( Figure 7K ). From these data we conclude that, over a in per cause abnormal circadian rhythms and its expression oscillates with a circadian rhythm (Konopka and period of approximately one week, the regulation of the Benzer, 1971; Hardin et al., 1990; Hall, 1996) . Our sem-rigui gene is responsive to the light/dark cycles of quence analyses identify RIGUI and its mouse homolog the environment.
as a member of the bHLH-PAS domain family, which includes gene products such as ARNT, SIM, AHR, Discussion NPAS1, NPAS2, and the recently identified circadian regulator Clock. When compared with other members Putative mammalian circadian regulator molecules should of this family, the best alignment within the PAS domain have the following characteristics. First, their expression is found between RIGUI and Per. However, sequence should oscillate with a 24 hr rhythm. Second, they must identity is relatively low, explaining the difficulty of findbe expressed in the suprachiasmatic nucleus (SCN), ing a vertebrate per homolog by cross-species hybridthe master regulator of mammalian circadian rhythms.
ization approaches (Takahashi, 1995) . Several studies Third, circadian expression must persist in the absence using an anti-Per antibody have suggested the exisof environmental cues such as light. Fourth, the intrinsic tence of a mammalian Per ortholog (Hall, 1990 ; Siwicki rhythm of expression should be reset by changes in et al., 1992) . It remains to be determined whether the the oscillation of environmental cues (entrainment). As antigen detected in these immunological analyses is judged from temporal mRNA expression studies, m-rigui encoded by RIGUI (note, a 14 amino acid long peptide fulfills these criteria. We find that, during a 24 hr period, used to generate the anti-Per antibody had only 29% the level of expression of this gene in the SCN goes sequence identity with the corresponding region of through a distinct maximum and minimum. Maximum mouse Rigui protein). It is important to emphasize that expression of m-rigui in the SCN occurs at ZT6, which there are many small clusters of amino acid sequence suggests that this gene behaves like a "day-type" oscilconservation outside the PAS domain that are conlator (Dunlap, 1996) . Moreover, when animals are transserved between RIGUI and Per. This supports our hyferred to constant darkness, such oscillation persists in pothesis that RIGUI is a mammalian ortholog of Per. Of the SCN for at least four days. Whether the peak of note, RIGUI but not Per contains a bHLH motif. Whether expression is slightly shifted during that period of time this discrepancy disqualifies RIGUI from being a true cannot be resolved using expression data based on in Per ortholog remains to be determined by experiments situ hybridization. If animals are exposed to a light/dark in which these genes are functionally interchanged. Flucycle that is advanced by 6 hr, then a shift in the peak orescence in situ hybridization (FISH) and genomic PCR expression time in the SCN occurs gradually. Based on mapping indicate the presence of a single RIGUI locus. these data, we conclude that the expression of m-rigui
The existence of other per-like genes, not detected by can be entrained by a light cue. An additional piece of these methods is a possibility. Nagase et al. (1997) have evidence suggesting that m-rigui and its human homorecently reported a protein sequence that is 40% identilog are clock genes comes from the observation of cal to RIGUI. Taken together, our expression studies, marked amino acid sequence conservation between in combination with the presence of Per-like motifs in RIGUI, raise the possibility that RIGUI is an essential m-rigui and the D. melanogaster Per protein. Mutations Reppert, 1990; Stankov et al., 1991; Fraschini and Stankov, 1993) . These observations, in pathway.
In addition to the SCN, m-rigui is expressed in the conjunction with the oscillating expression of m-rigui, suggest that the pars tuberalis is a target site for a internal granular layer and the Purkinje cells of the cerebellum, the hippocampus, the cerebral cortex, the olfacmelatonin feedback loop and confers a circadian rhythm to the body via hormonal pathways. tory bulb, the pars tuberalis, and the retina. We did not notice any periodic expression of m-rigui in the internal Interestingly, expression of m-rigui in the pars tuberalis was observed in 129/SvEvBrd mice but not in granular layer, the cerebral cortex and the hippocampus, but the other tissues show oscillatory m-rigui exthe C57BL/6 strain. C57BL/6 and the majority of the inbred mice strains (exceptions are C3H/H and CBA) pression. Interestingly, the phases of these cycles are not synchronized to that of the SCN and differ amongst are known to have a genetic defect for pineal melatonin biosynthesis. Thus C57BL/6 mice do not produce melathemselves. The nature of this phenomenon is not clear, but the data raise the possibility that there is tissuetonin (Goto et al., 1989) . The 129/SvEvBrd strain carries C3H/H alleles as a result of historical backcrosses with independent regulation of m-rigui expression. It is tempting to speculate that this reflects the cell-autonothat strain (Simpson et al., 1997) , and thus it is likely to generate melatonin. We propose that the strain-depenmous expression of circadian clocks previously observed in cell and organ cultures and in transplantation dence of m-rigui expression in the pars tuberalis may reflect the difference in melatonin production. This studies (Ralph et al., 1990; Welsh et al., 1995; Tosini and Menaker, 1996) . The existence of multiple oscillators would implicate melatonin as a regulator of m-rigui expression in this region of the brain. suggests that m-rigui expression is probably not controlled by a single upstream regulator and raises the The identification of RIGUI as a putative circadian clock gene provides a useful tool to explore the molecupossibility of autoregulation, perhaps in conjunction with other proteins such as Clock. lar mechanism of the mammalian circadian machinery. Using interaction screening approaches, it should be What could be the significance of the oscillation of m-rigui expression in the pars tuberalis? This structure possible to find interacting proteins, perhaps in the form of a Drosophila Tim ortholog. Furthermore, promoter is a glandular epithelium surrounding the hypophyseal stalk of the pituitary gland and is in direct contact with analyses of the RIGUI gene should uncover how light cues and possibly other environmental stimuli regulate the portal blood supply. The pars tuberalis also releases luteinizing hormone, which is negatively regulated by the expression of this gene. Lastly, targeted disruption of the m-rigui gene, using stem cell technology, may circulating melatonin (Nakazawa et al., 1991 
